The atmospheric concentration of mercury was determined daily for 3 years (July 1999 -March 2002 in Kagoshima City to clarify the seasonal variation of mercury levels and the influence of mercury emitted from Sakurajima. The atmospheric mercury was collected on a porous gold collector at Kagoshima University approximately 11 km west of Sakurajima and the amount of mercury was determined by cold vapor atomic absorption spectrometry (CVAAS). A loss of temperature dependency was found for the east wind in 1999. However, in 2001, high temperature dependency was observed for all wind directions with the easing of volcanic activity. Short-term movement in the atmospheric concentration of mercury was also investigated by making measurements every two hours over a three-day period at heights of 3 and 12 m. This operation was carried out about every two months in the year 2001 at Kagoshima University. The atmospheric mercury concentration was higher in the daytime than nighttime showing temperature dependency: the concentration at 3 m (Hg (3m) ) ranged from 1.65 to 17.9 ng m -3 (5.96 ± 3.47 ng m -3 ) in the daytime and 1.50 to 12.8 ng m -3 (4.20 ± 2.33 ng m -3 ) overnight, while that at 12 m (Hg (12m) ) ranged from 1.24 to 29.4 ng m -3 (4.74 ± 3.61 ng m -3 ) and 1.38 to 14.8 ng m -3 (4.50 ± 2.85 ng m -3 ), respectively. The variation in Hg (3m) from day to night was considerably larger than that in Hg (12m) . As a result, Hg (3m) was higher than Hg (12m) in the daytime and lower in the nighttime. On the other hand, the concentration gradient showed a high degree of dependency on solar radiation. These observations suggested that mercury is emitted from the ground with an increase in solar radiation and rise of the temperature in the daytime and deposits with the fall of temperature at nighttime. The influence of rain and volcanic activity on the periodic variation of mercury is also discussed in detail.
1998; Poissant and Casimir, 1998; Kim et al., 1995) . Kim and Kim (1999) analyzed mercury concentrations at hourly intervals and measured the gradient that developed at heights of 20 and 200 cm above the soil during the fall of 1997. They found that the correlations of ground level mercury data with meteorological parameters were consistently superior to those of upper level data, which suggested that the development of a mercury gradient is closely tied to mercury concentrations just above the ground level. On the other hand, they also found that such relationships were not evident from the data sets of clean background soil environments due to insignificant differences in mercury concentration between upper and lower levels. A distance of only one or two meters, used for flux measurements in almost all studies, may not be sufficient to measure the concentration gradient at a background site. In order to secure a clear signature of gradient development, the measurement should be made over a sufficient height (Kim and Kim, 1999) . Moreover, in many studies, mercury flux was measured only in one or two seasons. Measuring mercury flux in one season, not through the year, may cause some ambiguity, since it is
INTRODUCTION
The impact of mercury released into the atmosphere from a variety of sources has become a matter of great concern, since the atmosphere is an important medium for the global circulation of mercury (Nriagu and Becker, 2003; Engle et al., 2001; Ferrara et al., 1998 Ferrara et al., , 2000 Nakagawa., 1999; Innanen et al., 1998; Lindberg et al., 1998; Pirrone et al., 1998) . In order to estimate the anomalies caused by natural or anthropogenic input, the background flux of mercury has significant meaning. The behavior of atmospheric mercury at background sites has become a subject of interest, because the atmosphere-surface exchange is considered as the main factor governing the atmospheric concentration of mercury. Many studies have been made to elucidate the flux of mercury (Cobos et al., 2002; Gustin et al., 2000; Lindberg et al., 1995, impossible to consider the seasonal variation in the flux with meteorological parameters, which is important for understanding the background movement of mercury in the environment.
The purpose of this study is to elucidate the shortterm behavior of mercury in the atmosphere and to make clear the dependency of the variation on some meteorological parameters, which is essential to understanding the impact of mercury input. The influence of mercury released from Sakurajima Volcano is an important subject of this study. Although mercury emission from volcanoes has been estimated in some studies (Oikawa et al., 1976; Sakamoto et al., 1989; Nakagawa, 1999; Ferrara et al., 2000) , the influence of volcanic activity on the behavior of atmospheric mercury in the surrounding area has not been studied in detail. In our previous study, the atmospheric concentration of mercury in Kagoshima City at a height of 12 m was measured daily throughout 1996 (Tomiyasu et al., 2000) . The study shows that Kagoshima City has no serious anthropogenic sources of mercury, and the seasonal variation in the atmospheric concentration is generally characterized by a strong temperature dependency. In this study, the seasonal variation in the concentration of mercury in the atmosphere was followed for three years and in order to elucidate short-term movements, three-day continuous measurements of the concentration with time were made at heights of 3 and 12 m about every two months of the year 2001 in Kagoshima City. Throughout the investigation, the influence of the volcanic activity of Sakurajima on the seasonal variation in the level of mercury was examined in detail. Moreover, the short-term movement of atmospheric mercury is clarified and the influence of factors such as rain, wind direction, solar radiation and volcanic activity on the mobilization of mercury is discussed.
EXPERIMENTAL

Sampling point and period
The Sakurajima volcano, one of the most active volcanoes in the world, is located in southern Kyushu, Japan (Fig. 1) . The volcano consists of two adjoining stratocones, Kitadake (north peak: 1117 m) and Minamidake (south peak: 1040 m). Minamidake has been active since October 1955. Sakurajima is separated from the city of Kagoshima by the Nishi Sakurajima Channel which approximately 2.5 km wide. Kagoshima University, the sampling point in this study, is located approximately 11 km west of Minamidake. To measure changes in the concentration of mercury in a vertical scale, samples were collected every two hours over three days at heights of 3 and 12 m above the ground. The three-day continuous measurement was carried out about every two months in 2001 (7-9 February, 9-11 May, 6-8 June, 7-9 August, 26-28 September and 5-7 December). Air temperature was recorded hourly at 12 m throughout the sampling period. To monitor seasonal changes in the concentration of mercury, measurements were also made daily (11:00-16:00) at 12 m (July 1999 -March 2002 . The direction of the wind at ground level and at 850 hPa (at a height of approximately 1500 m) over Sakurajima, the highest temperature of the day, and the flux of global solar radiation were recorded at the Kagoshima Local Meteorological Observatory.
Apparatus
A porous gold collector, which is gold-coated Chromosorb packed into a quartz tube, was used for collecting atmospheric mercury (gaseous elemental mercury). The collector should be heated at approximately 700°C in an electric furnace just before use in order to remove any memory of mercury. The air sample was filtered through quartz wool to remove particles and was sucked by a vacuum pump into porous gold collectors: two porous gold collectors were connected in series to ensure the mercury was collected. The flow was adjusted using a flow meter with a precise needle valve (KOFLOC corporation, model RK1200) at a rate of 0.5 ± 0.025 l min -1 . Mercury Analysis System S-1 (Nippon Instruments Corporation) comprising an electric furnace, a porous gold collector, an air pump for delivering the carrier gas, and an atomic absorption spectrometer was used for measuring concentrations of mercury. A sample collected in a porous gold-filled tube was heated in the furnace at approximately 700°C, and mercury vapor was then swept away by the carrier gas to be trapped on the porous gold collector in the mercury analysis system. After the col- lector had been heated to approximately 700°C, the liberated mercury vapor was introduced into a quartz cell, in which the atomic absorption of mercury was measured at 253.7 nm. The operation was performed automatically. The detection limit of this system (3σ) obtained by replicate determinations of blanks was 0.01 ng of mercury. Tomiyasu et al. (2000) reported seasonal changes in the atmospheric mercury concentration for one year through 1996 and found that a linear relation of ln[Hg(ng m -3 )] vs. T -1 plots for north, south and west winds; T is the absolute temperature of the highest temperature of the day. An equation, ln )] = -a/T + b, lead by the linearity of the plots was of the same form as the Clapeyron-Clausius equation, lnp = -Le/RT + c, which shows the dependency of vapor pressure on temperature. The concentration of atmospheric mercury showed the same correlation with temperature as vapor pressure. It seemed that volatilization/condensation of mercury between soil surfaces and the atmosphere is a factor governing the atmospheric concentration in these winds. Since Kagoshima City is on the leeward side of Sakurajima, the temperature dependency in the west wind was lost. They concluded that the absence of temperature dependency might reflect the impact of the fumarolic activity of the volcano. In this study, the seasonal variation of atmospheric mercury was followed for three years and the linearity of the ln[Hg(ng m -3 )] vs. T -1 plots was used to estimate the impact of the volcanic activity of Sakurajima on the atmospheric concentration of mercury in Kagoshima City: the temperature dependency of mercury should be present even in the east wind with the easing of volcanic activity. The seasonal variation in the atmospheric concentration of mercury was followed for three years in this study. Figure 2 shows the seasonal change in the period July 1999 to March 2002. The highest temperature of the day is also plotted in the figure. The concentration of mercury was in the range of 0.67 to 30.9 ng m -3 (5.52 ± 3.85 ng m -3 , n = 587), being higher in summer than in winter. Kim (2001, 2002) reported the concentration of total gaseous mercury in Seoul for the late 1990s as 5.34 ± 3.92 ng m -3 (n = 2576) and concluded that a concentration of around 5 ng m -3 can be considered average on the Korean peninsula at the present time. It is interesting that this concentration is quite comparable with values measured in the present study. The levels of atmospheric mercury may be similar over a wider region including Korea and southern Kyushu. When ln[Hg(ng m -3 )] was plotted against T -1 , a linear relation was observed with a high correlation coefficient, r = -0.80 (n = 587), for all the data (Fig. 3) . Table 1 plots for wind direction every year: (a) the wind direction at 850 hPa, (b) the wind direction at ground level. The correlation coefficients are listed for the data overall, the data excluding rain, the data excluding ash fall and the data excluding both rain and ash fall. As shown in Table 1 (a), for the south and west winds, a high temperature dependency was observed: correlation coefficients for east and south winds were in the range -0.76-0.90 and -0.81~-0.90, respectively. On the other hand, the value for the east wind was apparently lower than that for other wind directions in 1999 and 2000. (Jul. 1999~Mar. 2002 12 m 3 and 18 for north wind, -6.6 × 10 3 and 24 for east wind, -7.4 × 10 3 and 27 for south wind, -6.1 × 10 3 and 22, for west wind and -5.8 × 10
RESULTS AND DISCUSSION
Seasonal change of atmospheric mercury concentration and the impact of Sakurajima
3 and 21 for all data, respectively. The orders of the values for every wind directions seemed to be in agreement with that of Clapeyron-Clausius equation and no significant variations were observed among the wind directions.
As shown in Fig. 1 , the eastern side of Kagoshima University is very close to Kagoshima Bay and the effect of the sea on the east wind should be discussed. For this purpose, the data listed in Table 1(a) was re-classified by wind direction at ground level (Table 1(b) ). Except for -0.32 for the north wind in 1999, a high temperature dependency was observed in all wind directions. For the north wind in 1999, excluding the days of ash falls, the correlation between the mercury concentration and temperature increased with the lowering of the correlation coefficient from -0.32 to -0.88. These findings confirmed that the loss of temperature dependency in the east wind at 850 hPa was caused not by the sea but by the volcanic activity of Sakurajima. The mercury concentration observed with ash fall was 6.4 ± 4.6 ng m -3 (n = 81) while that without ash fall was 5.6 ± 3.8 ng m -3 (n = 465). However, the average temperatures were 25.9 ± 6.0°C and 23.0 ± 7.5°C, respectively, since the east wind appears in summer (Fig. 4a) . The higher temperatures may also cause the higher mercury concentrations on the days of ash fall. Thus, one can use the temperature dependency of the mercury concentration to evaluate the impact of volcanic activity on the mercury in the atmosphere in Kagoshima City.
The short-term changes of atmospheric mercury concentration and its temperature dependency
Atmospheric mercury was collected every two hours and measured over a three-day period at heights of 3 m and 12 m above the ground. At a point close to ground, mercury released from the surface could be collected immediately and the flux of mercury between the air and ground could be estimated. On the other hand, the mercury concentration close to the ground may be affected strongly by conditions on the ground, i.e., from rock, soil and vegetation. It is not preferable to estimate the vertical movement of mercury over a wider range of heights. Thus, we selected 3 m as a lower sampling height to prevent the influence of the conditions at the ground's surface. Although the flux of mercury could not be measured in our study, by combining the data for 12 m with that for 3 m the concentration gradient of atmospheric mercury in the studied area can be followed over a wider range of heights and the vertical movement of mercury in the atmosphere can be discussed without consideration of surface conditions. The ranges of mercury concentration, temperature and solar radiation for the three days of sampling are listed in Table 2 . Figure 5 shows the variation in the atmospheric mercury concentration and temperature with time. The nighttime (from sunset to sunrise) has a colored background in the figure. The atmospheric mercury concentration increased after sunrise and reached a maximum after midday. The concentration decreased in the evening and showed a minimum value just before sunrise. The variation in the atmospheric concentration of mercury with time was observed not only in the daytime, but also at nighttime. The periodic variation seemed to be in good agreement with the change in temperature. The variation with temperature is particularly clear for the concentration at 3 m (Hg (3m) ). The correlation coefficient of ln[Hg(ng m -3 )] vs. T -1 plots for all sampling periods are listed in Table 3 . A higher temperature depend- December 5 2.5−5.6 3.6 2.6−7.5 3.7 12.2−21.9 16.7 0.01−2.05 0.95 7:02 17:14 <0.5 0 6 1.8−4.5 3.1 1.9−3.9 2.9 8.9−15.1 12.1 0.00−1.44 0.52 7:03 17:14 0.5 0 7 1.5−4.6 2.7 2.1−2.9 2.6 6.6−14.2 9.6 0.01−2.19 1.09 7:04 17:14 0 0 Hg (12m) . However, when all the data were combined, the dependency of mercury on solar radiation became weak, since solar radiation shows no apparent seasonal variation at our studied site (Table 2 , Fig. 6 ).
The concentration gradient between 3 and 12 m and the influence of certain factors
Variations in the concentration gradient, ∆Hg (= Hg (3m) -Hg (12m) ), are plotted in Fig. 6 . In the daytime, Hg (3m) was higher than Hg (12m) and in the nighttime, Hg (12m) showed a higher value than Hg (3m) because of the greater variation in Hg (3m) . Thus, ∆Hg values increased in the daytime and decrease at nighttime; ∆Hg was thus positive during daylight and negative during nighttime. Although the periodic variation was clear in summer as the variation in the atmospheric mercury concentration in- Fig. 5 . (᭺), Hg (12m) () and temperature ( ) in 2001. Sampling period: a; 7-9 February, b; 9-11 May, c; 6-8 June, d; 7-9 August, e; 26-28 September, f; 5-7 December. ency was observed near the surface, Hg (3m) , throughout the year with a correlation coefficient of -0.51 to -0.77. The values for the mercury concentration at 12 m (Hg (12m) ) are considerably lower than those for Hg (3m) . The greater distance of the 12 m from the surface may cause the lower dependency of the mercury concentration on short-term temperature changes. However, when the values for atmospheric mercury listed in Table 3 were combined for all sampling periods, considerably higher correlation coefficients of -0.87 and -0.81 were obtained for Hg (3m) and Hg (12m) , respectively. These results also suggest that temperature is the dominating factor for the concentration of mercury in the atmosphere in the study area. The coefficient of the correlation between solar radiation and mercury concentration is also shown in Table 3 . The correlation with solar radiation is also higher for Hg (3m) than Table 4 . (continued) creased, the periodicity could be seen throughout the year. The observations suggested that mercury was released from the surface during the day and deposited overnight. Ash fall was recorded on 7th August and 26th-28th September. The volcanic activity of Sakurajima peaked during August (Fig. 4) , with 13 small-scale eruptions recorded during the three-day sampling period (Table 2) . In this period, ash fall was observed from 10:00 to 14:00 on the first day of sampling at Kagoshima University. During the ash fall, both Hg (3m) and Hg (12m) showed large variations and especially high values were observed for Hg (12m) (Fig. 5d) . As a result, the ∆Hg at noon, which usually reaches a maximum, showed negative values (Fig. 6d) . The wind direction at 850 hPa was south, but the wind speed of 4 m s -1 was not high (Table 4) . With this weak wind and the vigorous activity of the volcano, it can be considered that volcanic gas disperses with the ash over a wide range and caused the atmospheric mercury anomaly in Kagoshima City. In September, the east wind is predominant and a small amount of ash fall was observed every day. On the other hand, during this sampling period, the volcano was less active (Fig. 4) and no eruption was recorded. Low volcanic activity has no apparent impact on the concentration of mercury in the air of Kagoshima City.
Daytime rain was observed in the February, August and September samplings (Fig. 6 ). In the rainy periods, the increase in Hg (3m) was suppressed and Hg (3m) became comparable with Hg (12m) suggesting a cessation of the release of mercury into the atmosphere. As a result, no afternoon peak of ∆Hg was observed. This may be because the ground was covered with water and/or there was a drop in temperature at ground level due to rainfall: both would prevent the release of mercury from the ground. On the other hand, during the rain, the level of solar radiation was lower even in daytime. The behavior of solar radiation is very similar to that of ∆Hg. The correlation coefficients of ∆Hg between solar radiation and . Sampling periods: a; [7] [8] [9] b; [9] [10] [11] c; [6] [7] [8] d; [7] [8] [9] e; [26] [27] [28] f; [5] [6] [7] temperature are listed in Table 3 . Significant correlations of ∆Hg were observed for both solar radiation and temperature in each sampling; although lower values were obtained for August, with the exception of during an ash fall when the correlation coefficient increased. When all the data were combined, the correlation coefficient for ∆Hg vs. solar radiation shows a considerably high value of 0.67, but in the case of temperature, the correlation for all the data was weak with a coefficient of 0.36. These are the opposite correlation for mercury concentration versus temperature and mercury concentration versus solar radiation. These results suggest the importance of solar radiation in the release of mercury from the ground into the atmosphere. Sakata and Marumoto (2005) have reported the wet and dry deposition fluxes of mercury in Japan. In their study, it was suggested that wet deposition plays a dominant role in mercury deposition in Japan. Wet deposition of mercury was dominated by the scavenging of reactive gaseous mercury by precipitation via oxidation of gaseous elemental mercury. In our study, the scavenging effect of rain is not evident, since no significant decrease of Hg (12m) was observed in the rainy period. This is probably because the reactive gaseous mercury formed in the atmosphere by oxidation of elemental gaseous mercury represents only a small part of atmospheric mercury.
CONCLUSIONS
The atmospheric mercury of Kagoshima City was measured for three years at Kagoshima University located approximately 11 km west of Sakurajima Volcano. In the seasonal variation in the concentration of mercury, a loss of temperature dependency of atmospheric mercury was found for the east wind while Sakurajima was active. With the easing of volcanic activity, temperature dependency emerged even in the east wind. A high degree of dependency on temperature was also found in the short-term variation of atmospheric mercury concentrations at heights of 3 and 12 m. These observations suggested that the main factor dominating the concentration of mercury in the atmosphere is temperature. On the other hand, a higher positive correlation was observed between ∆Hg (=[Hg3m] -[Hg12m]) and solar radiation. Solar radiation can also play an important role in the release of mercury from the ground.
In the daytime, mercury is released from the ground with the increase in solar radiation and temperature. The concentration in the atmosphere increases with temperature and decreases during the night, since mercury accumulates on the ground with a decrease in temperature. For the periodic variation, rain may control the release of mercury from the ground by covering surfaces with water and/or decreasing ground temperature. A loss of solar radiation in the rainy period can also affect the release of mercury. A temporal increase in Hg (12m) with ash fall was recorded during the period Sakurajima was active, which disturbed the periodic variation of ∆Hg. By taking continuous measurements of the atmospheric concentration of mercury, the background movement of mercury at our studied site and the impact of volcanic activity could be clearly shown.
